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The average total population of bacteria remained constant in the alimentary tracts of adult laboratory-
raised Queensland fruit flies (Bactrocera tryoni) although the insects had ingested large numbers of live
bacteria as part of their diet. The mean number of bacteria (about 13 million) present in the gut of the insects
from 12 to 55 days after emergence was not significantly modified when, at 5 days after emergence, the flies were
fed antibiotic-resistant bacteria belonging to two species commonly isolated from the gut of field-collected B.
tryoni. Flies were fed one marked dinitrogen-fixing strain each of either Klebsiella oxytoca or Enterobacter cloacae,
and the gastrointestinal tracts of fed flies were shown to be colonized within 7 days by antibiotic-resistant
isolates ofK. oxytoca but not E. cloacae. The composition of the microbial population also appeared to be stable
in that the distribution and frequency of bacterial taxa among individual flies exhibited similar patterns
whether or not the flies had been bacteria fed. Isolates of either E. cloacae or K. oxytoca, constituting 70% of the
total numbers, were usually dominant, with oxidative species including pseudomonads forming the balance of
the population. Antibiotic-resistant bacteria could be spread from one cage of flies to the adjacent surfaces of
a second cage within a few days and had reached a control group several meters distant by 3 weeks. Restriction
of marked bacteria to the population of one in five flies sampled from the control group over the next 30 days
suggested that the bacterial population in the gut of the insect was susceptible to alteration in the first week
after emergence but that thereafter it entered a steady state and was less likely to be perturbed by the
introduction of newly encountered strains. All populations sampled, including controls, included at least one
isolate of the dinitrogen-fixing family Enterobacteriaceae; many were distinct from the marked strains fed to the
flies. Nitrogenase activity detected by the acetylene reduction assay was associated with flies fed dinitrogen-
fixing bacteria as well as with control groups given either no supplement or free access to a yeast hydrolysate
preparation. Nitrogen fixed from the atmosphere may supplement the nutrition of the alimentary tract
microbial population of B. tryoni. Transmission electron microscopy showed that the principal site of bacterial
colonization in the abdominal alimentary tract was the lumen of the midgut inside the peritrophic membrane.
No intracellular symbionts were seen in the gut tissues nor were bacteria found attached to the cuticular folds
of the hindgut. The ultrastructure of the gut resembled that of other fly genera except that the intercellular
spaces between rectal epithelial cells were more extensive, suggesting a role for unspecialized epithelium in
water and solute uptake in B. tryoni.
Similar bacterial populations colonize the alimentary tract of
both wild and laboratory-raised adult fruit flies belonging to
several Bactrocera and Rhagoletis species. Strains of Klebsiella
oxytoca, Enterobacter cloacae, Enterobacter agglomerans, and
Citrobacter freundii commonly form a large proportion of the
microbial colonizers in the fly gut and the esophageal bulb, a
dorsal diverticulum of the esophagus unique to tephritids (13,
18, 19, 30).
Some alimentary tract bacteria of frugivorous insects, espe-
cially tephritid flies, were thought to provide their hosts with
certain essential amino acids absent in fruit tissue and exu-
dates. Bacterial colonists of the olive fruit fly, Bactrocera oleae
(20), the apple maggot, Rhagoletis pomonella (21), and the
walnut husk fly, Rhagoletis completa (35), have been accorded
symbiont status on the basis of claims that they are apparently
essential to the normal development of the insect. In contrast,
detailed investigations of these postulated symbioses in Rhago-
letis and Bactrocera species have found no evidence of an
obligate insect-microbe interdependence. Bacteria isolated
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from the flies, particularly strains ofK oxytoca and E. cloacae,
are also common saprophytic inhabitants of soil and water and
have no known nutritional role (13, 18). These so-called
fruit-fly-type bacteria may constitute the autochthonous, or
indigenous, microflora of the alimentary tract of tephritid flies.
Having arrived in the gut in food and water, autochthonous
microbes colonize this habitat natively, while nonindigenous
bacteria, which cannot colonize the alimentary tract except
under abnormal circumstances, pass through (31).
Tropical fruit flies of the genus Bactrocera are attracted to
feed on fruit surface bacteria (11, 12). These microorganisms
may act as a natural source of nitrogen and amino acids,
nutrients previously thought to be supplied in the diet of
tephritids by the aphid exudate, honeydew (3, 25). Queensland
fruit flies are able to survive and reproduce on diets of cultured
fruit-fly-type bacteria (11). In addition, flies fed a dinitrogen-
fixing strain of one of these bacteria, K oxytoca F15C, were
subsequently associated with nitrogenase activity (24). Results
from this study suggested that the flies were colonized by the
bacteria which they were fed and that the dinitrogen-fixing
activity associated with the flies was localized within these
colonizing bacteria.
In the present work, evidence of a direct relationship
2508
 o
n
 August 30, 2016 by University of Queensland Library
http://aem
.asm
.org/
D
ow
nloaded from
 
ALIMENTARY TRACT BACTERIA OF BACTROCERA TRYONI 2509
between dinitrogen fixation associated with flies and the bac-
teria colonizing their alimentary tracts was sought. Adult
Bactrocera tryoni flies were fed dinitrogen-fixing bacteria
marked by antibiotic resistance, regular indirect assays of
nitrogenase activity were performed, and the bacterial popu-
lations of the flies were examined. The techniques of transmis-
sion electron microscopy were applied to identify sites of
microbial colonization in the alimentary tract and to investi-
gate the ultrastructure of the midgut and hindgut in B. tryoni.
MATERIALS AND METHODS
Source of bacterial strains. K oxytoca F1SC and E. cloacae
F62S were obtained from the collection of A. C. Lloyd,
Queensland Department of Primary Industries, Indooroopilly,
Brisbane, Queensland, Australia, and had been isolated from
the crop and midgut of field-collected B. tryoni flies. The
antibiotic-resistant strains K oxytoca F72CR1 and E. cloacae
F62SR2, each resistant to 500 ,ug of both rifampin and
streptomycin ml-1, came from the same source (12). Feeding
of antibiotic-resistant strains to flies permitted accurate mon-
itoring of the fate of these dinitrogen-fixing bacteria through
isolation on a selective medium. Reference strains were ob-
tained from the culture collection of The University of Queens-
land.
Feeding of experimental flies. Approximately 2,000 pupae of
B. tryoni, obtained from the Queensland Department of Pri-
mary Industries colony, were divided into 10 equal groups.
Flies emerging after 8 days were maintained on a diet of water
and sucrose until they were fed protein and bacteria 5 days
later. Flies in four duplicate groups were fed bacterial strains
K oxytoca F72CR1, E. cloacae F62SR2, K oxytoca F15C, and
E. cloacae F62S, respectively (24). Those in group 9 were given
unlimited access to yeast hydrolysate (Amber-BYF; Amber
Laboratories, Janesville, Wis.), while flies in group 10 received
water and sucrose only, without supplementary bacteria or
yeast hydrolysate. The cages of flies fed bacteria were placed
adjacent to each other without touching. The yeast hydroly-
sate-fed and control groups were located 4 m distant in the
same room. At least once a week, dead flies and other debris
were removed from cages and the cage surrounds and water
reservoirs were swabbed with 70% (vol/vol) ethanol.
Measurement of ARA. Flies were tested for associated
acetylene reduction activity (ARA) after incubation in a partial
acetylene atmosphere (24). There were six assays at 8, 12, 15,
20, 22, and 27 days after emergence. An adult B. tryoni is about
1 cm in length and has an average weight of 10 mg. Between 20
and 35 flies were captured for each assay, and the total live
weight of these flies ranged between 0.24 and 0.40 g. The time
of incubation in the 20% (vol/vol) acetylene atmosphere was 2
to 4.5 h.
Sampling of flies and isolation of bacteria. Bacterial popu-
lations were surveyed eight times by using five flies from each
of the four groups fed antibiotic-resistant bacteria as well as
from the control group. Samples were taken at 12, 15, 20, 22,
27, 30, 34, and 55 days after emergence. Flies were killed by
freezing for 5 min, and each was surface sterilized by washing
for (i) 30 s in sterile 10% (vol/vol) Tween 80, (ii) 30 s in 70%
(vol/vol) ethanol, (iii) 60 s on 0.25% (vol/vol) freshly prepared
sodium hypochlorite, and (iv) rinsing in sterile phosphate-
buffered saline (PBS; 8 g of NaCl, 1.21 g of K2HPO4, 0.34 g of
KH2PO4, and 1,000 ml of distilled water). Individual flies were
triturated in 5 ml of PBS with a sterile mortar and pestle,
100-,ul quantities of 10-3 and 10-4 dilutions were spread on
King B medium (32), and 100-,lI quantities of 10-' dilutions
were spread on peptone-yeast extract agar (32) containing 500
,ug of streptomycin ml-' and 500 ,ug of rifampin ml- .
Inoculated plates were incubated for 48 h at 28°C. To deter-
mine the composition of bacterial populations colonizing
individual flies, the total number of colonies on King B plates
arising from a single fly was apportioned into colony morphol-
ogies and a representative clone of each was characterized.
Colonies on the selective medium appeared to be identical.
One colony from one plate from each fly group was selected
for characterization.
Characterization of bacterial strains. The tests employed to
characterize isolates were as follows: Gram stain, oxidase,
catalase, methyl red, Simmons citrate, Christensen's urease,
M0ller's amino acid decarboxylases (lysine, arginine, and or-
nithine), indole production (Ehrlich's reagent), DNase, fluo-
rescent pigment production (32), and oxidation-fermentation
of glucose (17). In the Voges-Proskauer test, cultures were
grown in the methyl red medium of Smibert and Krieg (32) and
tested by the method of Cowan (6). The motility of strains was
determined by the hanging-drop method on cultures taken
from the indole production test broth after 24 h of growth.
Peptone-yeast extract agar containing 500 ,ug of either ri-
fampin or streptomycin ml-', or both, was used to check for
antibiotic resistance of isolates. The ARA of isolates was
tested in a partial acetylene atmosphere as described above
following stab inoculation of 6 ml of low-nitrogen semisolid
medium and incubation for 72 h at 28°C (23). The standard
medium used consisted of 5 g of sucrose, 5 g of DL-malic acid,
4 g of KOH, 0.01 g of yeast extract, 0.5 g of K2HPO4, 0.2 g of
MgSO4 -7H20, 0.1 g of NaCl, 0.02 g of CaCl2, 0.15 g of
FeSO4 7H20, 0.002 g of Na2MoO4 - 2H20, 0.01 g of
MnSO4 H20, 2 ml of 0.5% (wt/vol) alcoholic solution of
bromothymol blue, and 0.9 g of Gelrite gellan gum (Kelco, San
Diego, Calif.) in 1,000 ml of distilled water. Known strains of K
oxytoca and E. cloacae were included in the test series as
controls.
Dispersal of antibiotic-resistant bacteria. Approximately
300 B. tryoni pupae were divided equally among three cages.
After emergence, adult flies were maintained in the usual way.
The cages of two groups of flies, A and B, were placed adjacent
to each other without touching, while the third group, C, was
located in a cage 4 m distant in the same room. Five days after
all the flies had emerged, those in group A were fed the
antibiotic-resistant K oxytoca isolate. The bacteria present in
these three cages were surveyed on three occasions, 1 day
before the bacteria were fed to the A flies and 2 and 4 days
after the feeding step. Water sponges were sampled by vortex-
ing 1-cm-square pieces cut from them with alcohol-flamed
scissors in S ml of sterile PBS. Areas of 100 cm2 on the tops and
sides of the gauze cages were swabbed for 10 s with sterile
swabs moistened in PBS, and the swabs were placed in 5-ml
volumes of PBS which were then vortexed for 10 s. Volumes of
100 ,ul of suitable decimal dilutions of the PBS suspensions of
sponge and cage surface bacteria were spread on duplicate
plates of King B agar and the peptone-yeast extract agar
antibiotic-selective medium. Spread plates were incubated for
72 h at 28°C prior to counting.
Source of flies selected for electron microscopy. Groups of
about 300 B. tryoni pupae were obtained from the Queensland
Department of Primary Industries. Flies emerged from 7 or 8
days after collection and were maintained and fed bacteria in
the usual way. The hindgut of a fly which had not been fed
bacteria was prepared for microscopy at 27 days after emer-
gence. Flies from a second group were fed K oxytoca F1SC at
6 days after emergence from pupae and again on 3 consecutive
days from day 33. Selected flies from this group were prepared
for detailed examination at 35 days after emergence.
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2510 MURPHY ET AL.
TABLE 1. Effect of time on total populations of aerobic mesophilic
bacteria in laboratory-raised B. tryoni fed antibiotic-resistant
dinitrogen-fixing bacteria
Avg population of bacteria per fly (106 CFU)b
Food supplement' Cage at days after emergence:
no.
12 15 20 22 27 30 34 55
K oxytoca F72CR1 1 4.6 15.6 12.8 12.9 7.3 10.7 5.5 2.4
2 10.7 9.7 57.3c 9.0 7.7 13.2 8.4 3.2
E. cloacae F62SR2 3 4.8 9.1 11.3 3.9 14.6 14.1 8.2 2.9
4 8.1 15.8 14.5 15.1 3.9 9.Od 5.4 3.4
Nil Control 7.4 16.3 76.0'"d 9.8 4.0 5.5 6.3 2.7
a Flies were fed bacteria at 5 days after emergence.
b Five flies were sampled in every case but two.
' One of the five values was >108.
" Four flies were sampled.
Dissection of flies. Flies were killed by exposure to -20°C
for 15 min and then partially embedded, ventral side upper-
most, in blocks of paraffin wax, where alimentary tracts were
removed from the abdomens under sterile distilled water. With
some flies, small portions (2 to 4 mm) were cut from the
midguts and hindguts under sterile water on a glass slide, and
these pieces were immediately transferred to the fixing solu-
tion. With other flies, the alimentary tracts were bathed in a
small volume of fixing solution after removal from the abdo-
mens and then coated with a drop of molten low-melting-point
agarose (45°C). When the agarose had solidified on the glass
slide, 2- to 4-mm portions of midgut were cut and excess
agarose was trimmed away from the specimens before they
were transferred to the fixing solution.
Preparation of specimens for electron microscopy. Hindgut
and midgut pieces, with and without agarose, were fixed in 3%
(vol/vol) glutaraldehyde in 0.1 M sodium cacodylate buffer (pH
7.4) for 2 h. Specimens were then washed in three changes of
cacodylate buffer over 15 min before postfixation for 1 h in 1%
(wt/vol) osmium tetroxide in 0.1 M sodium cacodylate buffer.
After a second buffer wash, the specimens were dehydrated by
5 to 10 min of exposure to each of a series of ethanol
preparations: 50, 70, 85, 95 (vol/vol), and 100%. Specimens
were infiltrated with LR White resin (Bio-Rad) at 4°C for 36 h
with resin changes at 4, 17, and 24 h. Resin blocks were
polymerized in flat molds by overnight baking at 50°C under
nitrogen. Midgut specimens in agarose were left, after ethanol
dehydration, for consecutive 2-h periods in mixtures of etha-
nol-Spurr's resin (34) of 2:1, 1:1, and 1:2 at 4°C. Infiltration
with Spurr's resin alone was then continued for 48 h at 4°C.
The specimens in Spurr's resin were positioned in flat molds,
and the blocks were hardened by baking overnight at 50°C.
After the blocks were cut with an ultramicrotome, sections of
the blocks were placed on a slot grid and stained with 4%
(wt/vol) aqueous uranyl acetate and Reynolds' lead citrate
(29). The sections were treated with lead citrate for 30 s,
washed with distilled water, treated with uranyl acetate for 1
min, washed with distilled water, treated for a further 30 s with
lead citrate, and then washed with distilled water before being
blotted dry (7).
RESULTS
Total numbers of bacteria in flies. The total population of
aerobic mesophilic bacteria was determined for 198 of the 200
flies sampled. Initially, no clear-cut pattern of changes in
populations of bacteria in the sampled flies emerged (Table 1),
but numbers eventually declined over time. At 55 days after
emergence, the population was approximately half that at 12
days although the difference was not statistically significant (P
> 0.10). The total populations in the flies which received no
bacterial supplement were comparable to those in the flies
allowed to feed on bacteria.
A single-classification analysis of variance of the loglo-
transformed data indicated that there was no significant dif-
ference (P > 0.10) over the first 34 days after emergence
among the populations of bacteria in all sampled flies. A
two-level nested analysis of variance showed that the different
feeding treatments, bacteria fed or unfed, did not add variance
to the overall variation over time among bacterial populations
(P > 0.10), although there was significant variation among the
treatments at each sampling point (P < 0.001). The mean
number of bacteria per fly detectable by the enumeration
methods employed was around 13 million (untransformed
data), with a range of 650,000 to 200 million. Two flies had
more than 100 million bacteria, and two had fewer than 1
million.
The number of bacteria marked by dual antibiotic resis-
tance, fed to flies in four of the five enumerated groups, varied
with the total population numbers. The ratio of resistant
strains to total population in 168 flies was calculated, and the
mean value was 0.751 (standard error, 0.027). Two flies
contained no resistant strains, while 36 were apparently fully
populated with the resistant bacteria offered to them as food.
Bacteria resistant to both rifampin and streptomycin were
consistently detected in flies fed these strains throughout the
duration of the experiment.
Marked bacteria were first detected in the control group of
flies at 25 days after the introduction of the strains to the
experimental area in the feeding step. Approximately 15,000 of
the 8.5 million bacteria in one of five control flies sampled were
resistant to the antibiotics. Four days later, 650,000 marked
bacteria were found among the 8 million in another single fly
of five tested. When five control flies were sampled again after
a further 21 days had elapsed, only one harbored resistant
bacteria, and these bacteria constituted nearly two-thirds of the
total population of 6 million.
Identification of bacterial isolates. A total of 47 isolates, all
gram negative, was selected from the experimental flies. Nine
were subcultured from colonies growing in the presence of the
antibiotics, and the remaining 38 were picked from the spread
plates of nonselective medium. All nine antibiotic plate iso-
lates, which included one arising from the control group of
flies, were identified as K oxytoca as were 18 of the other 38
isolates. Of these 18, all isolates from flies fed bacteria were
resistant to both antibiotics, while none of five which origi-
nated from the control group was resistant to either. Eight
additional isolates were identified as E. cloacae. None of these
exhibited resistance to either rifampin or streptomycin. All
isolates of K oxytoca and E. cloacae were able to fix atmo-
spheric nitrogen.
The remaining 12 isolates were not members of the family
Enterobacteriaceae and were not able to fix dinitrogen. A
nonfluorescent, oxidase-negative, but nonfermentative species
represented by seven isolates was present in flies from all five
groups (Tables 2 and 3, taxon 1). Colonies producing fluores-
cent pigment were observed on many of the spread plates, and
one representative strain was isolated, partially characterized,
and then assigned to the genus Pseudomonas. Colonies repre-
sented by the other four isolates (two oxidase positive, oxida-
tive, and nonmotile [miscellaneous taxon 3a]; one oxidase
positive, oxidative, and motile [miscellaneous taxon 3b]; and
one oxidase positive, fermentative, and nonmotile [miscella-
neous taxon 3c]) were rarely seen. These isolates were, accord-
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TABLE 2. Proportions of bacterial taxa present in individual laboratory-raised B. tryoni fed antibiotic-resistant dinitrogen-fixing bacteria
Proportions of bacterial taxa
Food supplement" Cage no. Fly no. Days after Taxon' colonies
emergence E. cloacae K oxytoca on plateb
1 2 3
K oxytoca F72CR1 1 1 22 0.10 0.80 0.07 0.03 239
1 2 34 0.99 0.01 258
1 3 34 0.93 0.04 0.03 177
2 1 22 0.82 0.10 0.06 0.02 146
2 2 34 0.96 0.04 0.01 198
E. cloacae F62SR2 3 1 22 0.98 0.02 42
3 2 34 0.01 0.93 0.01 0.05" 180
4 1 22 0.80 0.15 0.05e 123
4 2 34 0.96 0.04 182
Nil Control 1 20 0.09 0.90 0.01 139
Control 2 20 1.00 69*
Control 3 20 0.10 0.72 0.18 196*
Control 4 20 0.99 0.01 324*
Control 5 22 0.95 0.05 155
Control 6 22 0.03 0.94 0.03f 288
Control 7 22 0.77 0.23 35*
Control 8 34 0.96 0.04 200
a Flies were fed bacteria at 5 days after emergence.
b The dilution factor was 10-3, except for those values marked with an asterisk, where it was 10'.
c Taxon 1 consists of gram-negative, oxidase-negative, oxidative, motile strains. Taxon 2 consists of fluorescent Pseudomonas spp. Taxon 3 consists of miscellaneous
gram-negative isolates.
d Taxon 3a (Table 3).
eTaxon 3b (Table 3).
fTaxon 3c (Table 3).
ingly, grouped together as miscellaneous members of the fly
population.
Composition of bacterial populations colonizing adult flies.
Once the bacterial isolates had been characterized, sorted into
appropriate taxa, and, where possible, identified, the propor-
tions in which the species and groups appeared in the total
microbial population of individual flies were determined.
These results are presented in Table 2. Details of partial
characterizations of the non-Enterobacteriaceae taxa are given
in Table 3.
Dispersal of antibiotic-resistant bacteria in the laboratory
environment. Similar numbers of bacteria were present in all
three cages before antibiotic-resistant bacteria were fed to
group A flies. Between 5 million and 10 million organisms were
already present per cm2 of water sponge at 4 days after the flies
had emerged, while cage gauze surfaces harbored up to 1,500
CFU of bacteria per 100 cm2. Two days after antibiotic-
resistant bacteria were introduced to group A flies, the number
of microorganisms present on the water sponge of their cage
had increased by more than 20-fold; one-fifth of the total was
resistant to rifampin and streptomycin. There was no increase
in the number of bacteria on the sponges of groups B and C.
Two days later, the postfeeding flush of bacteria in the group
A sponge had disappeared and sponges from all three groups
again had similar populations of bacteria, about four times the
average recorded at 4 days.
The cage top bacterial population for group A flies increased
by 4 orders of magnitude to 9 million CFU/100 cm2 after the
bacterial feed, which was the source of most of this predomi-
nantly antibiotic-resistant population. The characteristic con-
TABLE 3. Partial characterization of gram-negative non-Enterobacteniaceae isolates from laboratory-raised B. tryoni
Results of test or substrate utilizationb
Taxon Oxi- Cata- Glucose MLysine de- Arginine Ornithine Resistance toaxonOxi- ndose Methyl Voges- Uredase lase metabolism Indol red Proskauer ease Motility carboxy- dihydro- decarbox- DNase Pigment rifampin orlase lase ylase streptomycin
1 - + Oxidative - - - - + -
2 + + Oxidative - - - - + - Fluorescent
3
a + + Oxidative + - - - - - Yellow
b + + Fermentative - - - - + - +
c + + Oxidative + - - - - - Yellow
"Taxon I consists of gram-negative, oxidase-negative, oxidative, motile strains. Taxon 2 consists of fluorescent Pseudomonas spp. Taxon 3 consists of miscellaneous
gram-negative isolates.
-, all strains gave a negative result; +, all strains gave a positive result.
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2512 MURPHY ET AL.
gregation of B. tryoni on the underside of the cage top probably
contributed to this large increase, which persisted over the
following 2 days. The pattern of colonization of the group A
cage sides was similar, but numbers did not exceed 200,000
CFU/100 cm2. The numbers of bacteria on the top and side
surfaces of cages housing groups B and C increased slightly at
7 days after emergence and then declined to less than the
original population by 9 days after emergence. A small number
of antibiotic-resistant bacteria which had been transported
from the cage of group A bacteria fed flies was found on group
B cage surfaces. None reached group C, located 4 m away, over
the 5-day duration of the experiment.
ARA associated with flies. In the first assay, 3 days after the
bacteria feed, ARA was associated only with flies from one
group fed K oxytoca F15C. Four days later, flies from seven of
the eight groups fed bacteria were positive for associated
ARA. The flies of one group fed E. cloacae F62SR2 were
negative for associated ARA at this time and throughout the
series of assays. The duplicate group fed E. cloacae F62SR2
gave positive results for six of the eight assays. There was a
general trend of increasing associated ARA from 12 to 20 days
after emergence, followed by a subsequent decrease in activity.
Flies which received ad lib protein supplement were positive
for associated ARA once at 22 days after emergence. The
control flies, which were given no supplementary feeding,
showed a delayed peak and decline in associated ARA from
day 15 after emergence. The relationship between ARA and
the numbers of antibiotic-resistant colonists is illustrated
graphically in Fig. 1.
Ultrastructure ofB. tryoni midgut. The midgut epithelium of
B. tryoni consisted of a single layer of cells. Its boundary
towards the hemocoel was made up of muscle and tracheal
cells surrounded by a basement lamina, the peritoneal mem-
brane. Tracheoles were prominent and appeared to ramify
throughout the outer wall of this part of the alimentary tract.
The epithelial cells were columnar in appearance and sur-
mounted at the apical extension by a brush border of microvilli.
A fragile cuticular peritrophic membrane functioned as a
barrier between the epithelium and the lumen of the gut.
There was no evidence of prokaryotic colonization within the
cells of the midgut wall. Details of midgut ultrastructure are
shown in Fig. 2 and 3.
Location of bacteria in the midgut. Microcolonies of gram-
negative bacteria were observed in the lumen of the midgut.
The rod shape of the majority of the bacteria was consistent
with that ofK oxytoca, the species which the flies had been fed,
and one known to be present in the alimentary tract of B.
tryoni. These bacteria, many of them dividing, were 1.8 ,um
long and had a diameter of 0.9 ,um. A secondary population of
coccoid bacteria with a diameter of 0.5 ,um was also observed(Fig. 3).
There was apparently no process of attachment of bacteria
to the epithelium. The microbial population appeared to be
free-living within the luminal contents of the midgut. Bacteria
were easily washed from the short gut portions during prepa-
ration for microscopy. Bacteria were visible both inside and
outside the boundaries of the alimentary tract in a specimen
which had been embedded in agarose before fixing staining
and cutting (Fig. 2).
Ultrastructure of B. tryoni hindgut. The wall of the hindgut
was lined with a cuticle layer continuous with the cuticle of the
body surface of the insect. Unlike the midgut, which was
shaped like a simple tube, the hindgut consisted of an irregu-
larly branching lumen enclosed by walls folded into complex
pleats. At least two types of epithelial tissues were identified.
Long thin cells separated by pronounced intercellular spaces
60 60w
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FIG. 1. Relationship between ARA and the average population of
bacteria in B. tryoni fed antibiotic-resistant dinitrogen-fixing bacteria.
At S days after emergence, flies in cages 1 and 2 were fed K oxytoca
F72CRl and those in cages 3 and 4 were fed E. cloacae F62SR2, while
flies in therol cage were given no supplement to the usual sucrose
and water diet. The mean total population of bacteria of five flies in
each group was calculated on the same day as the associated ARA was
measured (Table 1).
formed the unspecialized epithelium, while cells occupied by
regular stacks of membrane-limited channels conformed to
descriptions of specialized cells in insect rectal pads or papillae
(5). Cells in these pads perform the principal function of the
hindgut by absorbing salts and water from the feces and urine.
Ultrastructural details of the hindgut cells are shown in Fig. 4
and 5.
DISCUSSION
Feeding live bacteria to Queensland fruit flies soon after
emergence did not significantly modify the average total
number of bacteria present in an individual fly, although a
large fraction of the microbial population of the gut consisted
of a bacterial strain fed to the flies. Few bacteria are likely to
be present in the alimentary tract of newly emerged Bactrocera
individuals (19) since most bacteria in the fruit fly larval stages
are displaced during the shedding of the cuticular gut lining at
pupation (14). Once the teneral adult is exposed to the
environment, colonization of the gut may proceed, perhaps
from a small population of bacteria preserved during pupation
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FIG. 2. Micrograph of a transverse section of the anterior midgut of a 35-day-old Queensland fruit fly, B. tryoni. The midgut lumen (L) is visible
in the upper right of the micrograph. Bacteria (Bi) are present in this region. A second group of bacteria (B2), washed from the lumen during
preparation, is visible in the lower left of the micrograph, located on the outside of the midgut. The midgut lumen is bounded by epithelial cells
(E) with an apical border of microvilli (MV). The basal margin of the gut epithelium, thie basement membrane (BM), divides these cells from the
exterior cell layer rich in tracheoles (T) and muscle fibers (MF). The extensive tracheal system probably serves both the midgut cells and the
muscles which surround them. The muscles are arranged longitudinally as well as in the circular arrays shown here. The extracellular basement
membranes of the tracheal end cells and muscle cells are confluent, providing a connective sheath, the peritoneal membrane (PM). Bar, 10 p.m.
in the esophageal bulb (28). In addition, sucrose in the cage of
laboratory-reared flies would provide a carbon source ade-
quate for bacterial growth in watering pads and fecal deposits.
A single visit to such a source could serve to recolonize the gut
of a newly emerged fly with suitable autochthonous bacteria
(14). All available habitats and niches are occupied by autoch-
thonous microbes in a well-functioning gastrointestinal ecosys-
tem (1, 31). The alimentary tract of the Queensland fruit fly
appears to provide a finite number of niches for colonization
by the microorganisms of a steady-state microflora; ingestion
of appropriate bacteria in excess does not increase the size of
the alimentary tract population.
Insects were readily colonized by an antibiotic-resistant
strain ofK oxytoca, but an antibiotic-resistant E. cloacae strain
failed to become established. The disappearance of this strain
was not related to its displacement by bacteria of the same
species from another source. No other isolates of E. cloacae
were recovered from the flies in the two groups which ingested
the marked strain. Reduced viability of antibiotic-resistant E.
cloacae in vivo could have contributed to its decline, as was
reported for streptomycin-resistant Erwinia carotovora intro-
duced into soil (8). The population of other colonizing bacte-
rial species, such as K oxytoca and members of taxon 1, may
have increased in response to the decrease in numbers of
resistant E. cloacae.
A postfeeding replacement of bacterial taxa in the micro-
flora can be distinguished in many of the flies sampled. The
progress of gut colonization by fruit-fly-type autochthonous
species such as K oxytoca and E. cloacae was assumed to be
similar in all groups before the antibiotic-resistant bacteria
were introduced. The antibiotic-resistant K oxytoca replaced
previously established strains of K oxytoca represented by
those which were recorded in the control flies. This substitu-
tion of one colonizing strain for another in the flies fed bacteria
could have been caused by the intensive exposure to a direct or
indirect flush of biomass during feeding. The bacteria which
were fed to flies quickly became established on suitable
surfaces throughout the cage before spreading via dust and
skin particles or water droplets (15) into adjacent cages, which
were colonized to a lesser extent. Separation by several meters
delayed the spread of the marked strain ofK oxytoca from the
cages containing bacterium-fed flies to the control group,
where it was detected after 25 days in low numbers in one of
five flies. This suggested that the gut populations became
self-sustaining after a certain time and that fewer flies were
likely to be significantly colonized by newly encountered
bacteria.
The quantitative survey of bacterial taxa colonizing individ-
ual flies showed that the compositions of microbial populations
found in the flush-affected experimental groups were little
different from those which developed in the flies of the control
group. A member of the Enterobacteriaceae, either K oxytoca
or E. cloacae, was usually numerically dominant. This may
indicate that these related species are able to occupy the same
microhabitats in the alimentary tract of B. tryoni. The preva-
lence of one or the other may be entirely fortuitous (see
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2514 MURPHY ET AL.
FIG. 3. Cell types present in the midgut wall of a 35-day-old B. tryoni fruit fly. Muscle cells bounded by the peritoneal membrane (PM) are
visible on the left of the micrograph. The nucleus (N) of a muscle cell, surrounded by a thin sheet of sarcoplasm, projects laterally between muscle
fibers (MF). Z bands (Z) divide some bundles of contractile material in the muscle fibers into sarcomeres. Groups of tracheoles (T) are contained
within the processes of tracheoblasts. To the right of the basement membrane (BM) is an epithelial cell, its cytoplasm rich in ribosome-studded
endoplasmic reticulum (ER). Bacteria (B) from the gut lumen (L) have apparently been released from the confines of the peritrophic membrane
during preparation of the midgut tissue. They line the inner side of the epithelium and are scattered along the brush border. Bar, 5 p.m..
reference 13). Indeed, even among the flies actively fed the
successful colonist K oxytoca F72CR1, some had been largely
populated by strains of E. cloacae (Table 2). The ability ofK
oxytoca F72CR1 to fix atmospheric nitrogen was unlikely to
have contributed to the success of this marked strain as a gut
colonist in this study. All E. cloacae and nonresistantK oxytoca
strains isolated from the flies were also dinitrogen fixers.
Nonquantitative examination of bacterial populations in field-
collected Bactrocera species has shown that a tendency to
single-species dominance by isolates ofK oxytoca, E. cloacae,
or E. agglomerans occurs in wild flies (19). Similar results were
obtained when bacteria in the esophageal bulbs of Rhagoletis
species were surveyed (18, 30). The environmental influences
that determine an apparent all-or-nothing colonization or
replacement are unknown. They may be related to the quantity
and/or species of bacteria ingested by an individual fly soon
after emergence, a critical time for the establishment of a
stable alimentary tract population.
The alimentary tracts of Queensland fruit flies were colo-
nized by ingested dinitrogen-fixing bacteria, and ARA rates of
up to 39 nmol of ethylene produced h-' g-l were subsequently
associated with the flies in this study. These values were lower
than had been reported in previous work, where an ARA of up
to 120 nmol of ethylene produced h-' g- was found (24). It is
possible that general experimental conditions such as temper-
ature and relative humidity during the present study may have
been suboptimal for fly-associated nitrogenase activity. Flies in
one replicate of groups fed bacteria showed no associated
ARA (Fig. 1), but nonperformance of one of a duplicate pair
has been found in other acetylene reduction studies with
Queensland fruit flies (22). This is unlikely to be attributable to
differences in bacterial colonization since flies in the two
groups were colonized by bacteria belonging to the same taxa
in similar proportions (Table 2). The nitrogenase activity of
dinitrogen-fixing bacteria colonizing some Queensland fruit
flies may be subverted by some unknown ecological factor.
There was no strong evidence that changes in the rates of
dinitrogen fixation associated with flies were related to changes
in the populations of fed dinitrogen-fixing bacteria which had
colonized the flies. Although peaks in ARA occurred at
approximately the same time as peaks in the numbers of
antibiotic-resistant K oxytoca bacteria, the ratio of these to
other microbial colonizers remained a steady 3:1 throughout
the study. Other diazotrophic bacteria were also present in flies
fed K oxytoca F72CR1; dinitrogen-fixing strains of E. cloacae
were the principal colonists in two of five flies surveyed in this
group (Table 2, cages 1 and 2).
Control flies fed sucrose and water only were associated with
ARA from day 15 after emergence. No antibiotic-resistant
bacteria had been found in the bacterial populations of these
flies at this time, but the survey indicated that they were
colonized by other dinitrogen-fixing bacteria, probably autoch-
thonous diazotrophs ingested from feeding surfaces. In an
earlier study (22), control flies given nil supplement were
positive for associated nitrogenase activity at 26 days after
emergence. The isolated recording of ARA associated with
flies fed nitrogen-rich yeast hydrolysate suggested that these
flies were also colonized by diazotrophs and that it was possible
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FIG. 4. Anterior hindgut of a 27-day-old B. tryoni fruit fly. Cuticular folds (CF) are shown in the inner wall of the lumen. A lining of cuticle
(C) separates the hindgut lumen (L) from the epithelium (E). The epithelial cells in this area of the hindgut wall are very flat and elongated, with
large intercellular spaces (IS). Bar, 1 ,um.
for the concentration of ammonia in the gut of these relatively
well-fed flies to drop to levels low enough to allow switching on
of the nitrogenase enzyme complex (27). When nitrogen
substrates become limiting in the insect gut, bacterial growth
may be sustained by diazotrophs through the substitution of
fixed atmospheric nitrogen for dietary ammonia.
Transmission electron microscopy revealed that the ultra-
structures of the midgut and hindgut of B. tryoni had many
features in common with that of a blowfly, Calliphora erythro-
cephala (33). The region identified as part of the rectal papillae
closely resembled cells of the same origin in the vinegar fly,
Drosophila melanogaster (36). One notable difference between
the B. tryoni digestive tract and that of C. erythrocephala and D.
melanogaster was found in the unspecialized epithelium of the
rectal wall. Rectal epithelial cells of B. tryoni were elongated
and separated by intercellular spaces much more prominent
than can be seen in the same location in the other flies. The
rectum is the last region in the insect where water content of
the excreta can be regulated, and the rectal papillae are
recognized as aggregations of specialized epithelial cells
adapted for the uptake of water and solutes (5). Intercellular
spaces in some mammalian epithelia are dilated during solute-
linked water transport (10). It may be that the cells of the
unspecialized epithelium in the B. tryoni rectum also partici-
pate in water uptake.
There was no evidence that the microflora of B. tryoni were
attached to surfaces in the midgut and hindgut. The treatment
received by specimens in this study was little different from that
described for insect alimentary tract sections in other, similar,
investigations of the hindgut and midgut of wood-feeding
lower termites (4) and the esophageal bulb in B. oleae (26),
where demonstrations of microbial attachment were convinc-
ing.
The absence of a population of microorganisms in the
hindgut and rectum of B. tryoni suggested that either the
surface was unsuitable for colonization by bacteria or that the
bacteria were digested in a section anterior to this region.
Drew et al. (11) found that bacteria occurred in large num-
bers in the crop and midgut of B. tryoni but were either ab-
sent or in low numbers in the feces, indicating that they were
being digested. In the higher termite Procubitermes aburiensis,
there was no reduction in the number of bacteria present in
sections of the midgut, but lysis of microorganisms occurred in
the first section of the hindgut, which has a high pH of up to 11
(2). Drew et al. (11) reported that conditions in the B. tryoni
midgut were extremely acid (pH 3 to 3.5) and suggested that
autolysis of the bacteria in the midgut would precede their
digestion. Higher pH values, between 5 to 6.6 (9) and 7.2 to 7.8
(28), were recorded for the midgut ofR pomonella. Since the
same species of nonacidophilic bacteria colonize the alimen-
tary tracts of both flies (9, 19), this aspect of the midgut
environment of B. tryoni merits further investigation.
Bacteria which have become established in the alimentary
tract of B. tryoni apparently colonize the lumen of the midgut.
They may be able to maintain a stable community in this
environment through a natural form of continuous culture.
When bacteria grow with a growth-limiting substrate in a
system which allows inflow of fresh medium and outflow of
excess volume, they will maintain a steady population through
multiplication, although a constant proportion of the microor-
ganisms is removed through the overflow (16). Growth-limiting
substrates in the B. tryoni midgut may be carbohydrates or
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2516 MURPHY ET AL.
FIG. 5. Rectal papillary cells in the hindgut of a B. tryoni fruit fly. A cuticular sheath (C) separates the irregular surface of the papillae from
the lumen (L) of the hindgut. The apical membrane of papillary cells is folded into a regular border of leaflets (LT), while regular stacks of
membrane-limited channels (CH) may be seen in the cytoplasm. A rectal papilla is a cone-shaped organ which protrudes in the lumen of the
rectum. It consists of a sheet of specialized absorptive cells encompassing a central core, or medulla, of packed strands of collagen fibrils (CF).
A tracheal trunk passes through the medulla en route to the papillary epithelium. Lateral branches terminate in tracheoles (T). Bar, 1 jim.
nitrogen. Removal of bacteria may be mediated by both the
transit of food and digestive processes.
ACKNOWLEDGMENTS
We are grateful to A. C. Lloyd and R. A. I. Drew of the Queensland
Department of Primary Industries for providing bacterial isolates,
laboratory-reared flies, and technical help. A. C. Hayward assisted with
advice and encouragement.
Research for this article was supported by grant 525 from the
Australian Research Grants Scheme.
REFERENCES
1. Alexander, M. 1971. Microbial ecology, p. 447-484. John Wiley
and Sons, New York.
2. Bignell, D. E., H. Oskarsson, and J. M. Anderson. 1980. Distribu-
tion and abundance of bacteria in the gut of a soil-feeding termite
Procubitermes aburiensis (Termitidae, Termitinae). J. Gen. Micro-
biol. 117:393-403.
3. Boush, G. M., R. J. Baerwald, and S. Miyazaki. 1969. Develop-
ment of a chemically defined diet for adult of the apple maggot
based on amino acid analysis of honeydew. Ann. Entomol. Soc.
Am. 62:19-21.
4. Breznak, J. A., and H. S. Pankratz. 1977. In situ morphology of the
gut microbiota of wood-eating termites (Reticulitermes flavipes
(Kollar) and Coptotermes formosanus Shiraki). Appl. Environ.
Microbiol. 33:406-426.
5. Chapman, R. F. 1985. Structure of the digestive system, p.
165-211. In G. A. Kerkut and L. I. Gilbert (ed.), Comprehensive
insect physiology biochemistry and pharmacology. Pergamon,
Oxford.
6. Cowan, S. T. 1974. Cowan and Steel's manual for the identification
of medical bacteria, 2nd ed. Cambridge University Press, Cam-
bridge.
7. Daddow, L. Y. M. 1986. An abbreviated method of the double lead
stain technique. J. Submicrosc. Cytol. 18:221-224.
8. Danso, S. K. A., M. Habte, and M. Alexander. 1973. Estimating the
density of individual bacterial populations introduced into natural
ecosystems. Can. J. Microbiol. 19:1450-1451.
9. Dean, R. W., and P. J. Chapman. 1973. Bionomics of the apple
maggot in eastern New York. Search agricultural entomology, vol.
3. New York State Agricultural Experiment Station, Geneva.
10. Diamond, J. M., and J. M. Tormey. 1966. Role of long extracel-
lular channels in fluid transport across epithelia. Nature (London)
210:817-820.
11. Drew, R. A. I., A. C. Courtice, and D. S. Teakle. 1983. Bacteria as
a natural source of food for adult fruit flies (Diptera: Tephritidae).
Oecologia 60:279-284.
12. Drew, R. A. I., and A. C. Lloyd. 1987. Relationship of fruit flies
(Diptera: Tephritidae) and their bacteria to host plants. Ann.
Entomol. Soc. Am. 80:629-636.
13. Fitt, G. P., and R. W. O'Brien. 1985. Bacteria associated with four
species of Dacus (Diptera: Tephritidae) and their role in the
nutrition of the larvae. Oecologia 67:447-454.
14. Greenberg, B. 1959. Persistence of bacteria in the developmental
stages of the housefly. IV. Infectivity of the newly emerged adult.
Am. J. Trop. Med. Hyg. 8:618-622.
15. Gregory, P. H. 1973. The microbiology of the atmosphere, 2nd ed.
Leonard Hill, Aylesbury, United Kingdom.
16. Harder, W., J. G. Kuenen, and A. Matin. 1977. A review: microbial
selection in continuous culture. J. Appl. Bacteriol. 43:1-24.
17. Hayward, A. C. 1964. Characteristics of Pseudomonas solanacea-
rum. J. Appl. Bacteriol. 27:265-277.
18. Howard, D. J., G. L. Bush, and J. A. Breznak 1985. The
evolutionary significance of bacteria associated with Rhagoletis.
APPL. ENVIRON. MICROBIOL.
 o
n
 August 30, 2016 by University of Queensland Library
http://aem
.asm
.org/
D
ow
nloaded from
 
ALIMENTARY TRACT BACTERIA OF BACTROCERA TRYONI 2517
Evolution 39:405-417.
19. Lloyd, A. C., R. A. I. Drew, D. S. Teakle, and A. C. Hayward. 1986.
Bacteria associated with some Dacus species (Diptera: Tephriti-
dae) and their host fruit in Queensland. Aust. J. Biol. Sci.
39:361-368.
20. Luthy, P., D. Studer, F. Jaquet, and C. Yamvrias. 1983. Morphol-
ogy and in vitro cultivation of the bacterial symbiote of Dacus
oleae. Bull. Soc. Entomol. Suisse 56:67-72.
21. Miyazaki, S., G. M. Boush, and R. J. Baerwald. 1968. Amino acid
syntheses by Pseudomonas melophthora, a bacterial symbiote of
Rhagoletis pomonella (Diptera). J. Insect Physiol. 14:513-518.
22. Murphy, K. M. Unpublished data.
23. Murphy, K. M., and I. C. MacRae. 1985. Nitrogen-fixing bacteria
in the rhizosphere of sugarcane in tropical Queensland, p. 121-
126. In Proc. Aust. Soc. Sugar Cane Technol. Watson Ferguson,
Brisbane, Australia.
24. Murphy, K. M., I. C. MacRae, and D. S. Teakle. 1988. Nitrogenase
activity in the Queensland fruit fly, Dacus tryoni. Aust. J. Biol. Sci.
41:447-451.
25. Neilson, W. T. A., and F. A. Wood. 1966. Natural source of food for
the apple maggot. J. Econ. Entomol. 59:997-998.
26. Poinar, G. O., R. T. Hess, and J. A. Tsitsipis. 1975. Ultrastructure
of the bacterial symbiotes in the pharangeal diverticulum of Dacus
oleae (Gmelin) (Trypetidae; Diptera). Acta Zool. 56:77-84.
27. Postgate, J. R. 1982. The fundamentals of nitrogen fixation.
Cambridge University Press, Cambridge.
28. Ratner, S. S., and J. G. Stoffolano, Jr. 1982. Development of the
oesophageal bulb of the apple maggot, Rhagoletis pomonella
(Diptera: Tephritidae): morphological, histological and histo-
chemical study. Ann. Entomol. Soc. Am. 75:555-562.
29. Reynolds, E. S. 1963. The use of lead citrate at high pH for use as
an electroopaque stain in electron microscopy. J. Cell Biol.
17:208-212.
30. Rossiter, M. A., D. J. Howard, and G. L. Bush. 1983. Symbiotic
bacteria of Rhagoletis pomonella, p. 77-82. In R. Cavalloro (ed.),
Fruit flies of economic importance. A. A. Balkema, Rotterdam,
The Netherlands.
31. Savage, D. C. 1977. Microbial ecology of the gastrointestinal tract.
Annu. Rev. Microbiol. 31:107-133.
32. Smibert, R. M., and N. R. Krieg. 1981. General characterization, p.
409-443. In P. Gerhardt, R. G. E. Murray, R. N. Costilow, E. W.
Nester, W. A. Wood, N. R. Krieg, and G. B. Williams (ed.),
Manual of methods for general bacteriology. American Society for
Microbiology, Washington, D.C.
33. Smith, D. S. 1968. Insect cells: their structure and function. Oliver
and Boyd, Edinburgh.
34. Spurr, A. R. 1969. A low-viscosity epoxy resin embedding medium
for electron microscopy. J. Ultrastruct. Res. 26:31-43.
35. Tsiropoulos, G. J. 1981. Effects of antibiotics incorporated into
defined adult diets on survival and reproduction of the walnut
husk fly, Rhagoletis completa Cress. (Dipt., Trypetidae). Z. Angew.
Entomol. 96:337-340.
36. Wessing, A., and D. Eichelberg. 1973. Electronenmicroskopische
Untersuchungen zur Struktur und Funktion der Rektalpapillen
von Drosophila melanogaster. Z. Zellforsch. Microsk. Anat. 136:
415-432.
VOL. 60, 1994
 o
n
 August 30, 2016 by University of Queensland Library
http://aem
.asm
.org/
D
ow
nloaded from
 
